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Short abstract 
Many problems in mechanobiology urgently require characterisation of the micromechanical 
properties of the fibrous proteins of cells and tissues. Brillouin light scattering has been proposed as a 
new optical elastography technique to meet this need, but the information contained in the Brillouin 
spectrum is still a matter of debate. Here we investigate this question using gelatin as a model system 
in which the macroscopic physical properties can be manipulated to mimic all the relevant biological 
states of matter, ranging from the liquid to the gel and the glassy phase. We demonstrate that Brillouin 
spectroscopy is a powerful tool to reveal both the elastic and viscous properties of biomaterials that 
are central to their biological functions. 
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Long abstract 
The mechanical properties of cells and tissues are critical to their normal function, and alterations are 
linked to disease. The rapid advance of mechanobiology raises questions about mechanical properties 
on a microscopic scale. A novel optical elastography technique based on Brillouin spectroscopy 
promises such information, but there are fundamental problems in relating the data to low-frequency 
macroscopic mechanical parameters. In addition, biological tissues are complex hierarchical 
structures whose mechanical properties span a range of length and time scales, and this poses 
particular difficulties in establishing the structural and mechanical bases of the Brillouin signal. Here 
we use gelatin (denatured collagen) gels as model systems to evaluate the biophysical significance of 
the information provided by Brillouin spectroscopy. The data show that at low polymer concentration 
the spectrum is influenced by changes in the effective viscosity of solvent water arising from its 
interaction with the polymer and to the degree of cross-linking of the polymer matrix itself. Increasing 
the polymer concentration gives rise to spectral changes that reflect the longer time-scale dynamics: 
the sol–gel transition, the structural relaxation of the fluid phase and the eventual transition to the 
glassy phase that is accompanied by a fourfold increase in longitudinal Brillouin modulus. 
In summary, our results show that if water plays a vital role in the spectroscopically determined 
viscoelastic properties, it is equally true that the Brillouin signal is also strongly influenced by the 
concentration and degree of cross-linking in the polymer phase. It is therefore clear that Brillouin 
spectroscopy is a powerful tool to probe many aspects of the physical environment in cells and tissues 
that are relevant to their biological functions and may be indicators of pathological dysfunctions. 
 
Introduction 
The macroscopic mechanical properties of the extracellular matrix are essential to the physiological 
functions of most biological tissues and on a microscopic scale they determine many aspects of 
cellular activity.1-3 These properties are largely determined by networks of protein fibres, stiff fibres 
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composed of 29 varieties of collagen and highly compliant ones composed primarily of elastin. 
Classical mechanical testing has provided a basis of understanding of how the composition and 
organisation of the networks in specific tissues yield the requisite mechanical properties and has 
demonstrated functionally significant changes in diseases ranging from osteoarthritis to 
atherosclerosis. However, research interest in these diseases has now moved to the sub-cellular level 
and this has generated an urgent need to characterise the mechanical properties of the extracellular 
matrix on these length scales. In this framework, Brillouin spectroscopy has emerged as a potential 
tool. Brillouin light scattering (BLS) is an acoustic process arising from the interaction of light with 
thermally driven acoustic phonons at high frequencies.4,5 
Early work determined that this technique could measure the components of the elasticity tensor in 
dry collagen and elastin fibres6-10 and showed that the longitudinal modulus, which is more easily 
measured in most scattering geometries, is many orders of magnitude higher than that determined by 
more classical engineering approaches. This discrepancy is presumed to reflect the different frequency 
scales of the two types of measurement, as well as that between the longitudinal modulus and the 
shear and Young’s moduli that are more widely used in bioengineering. This distinction has been 
considered in recent literature.11-13 However, a further complicating factor is the contribution of water 
both to fibre mechanics and to the Brillouin spectrum. The former is well established through the use 
of pore-elastic models to describe the mechanics of the extracellular matrix.14,15 The latter is still a 
subject of controversy with some reports that in highly hydrated gels, simulating some aspects of the 
extracellular matrix, the frequency shift of the Brillouin peak is determined by modes generated in the 
water phase.16 
Against this background we sought to explore the information content of the Brillouin spectrum 
generated by gelatin (denatured type-I collagen) gels, which are simple model systems displaying 
some of the pertinent mechanical properties of the extracellular matrix. By varying the polymer 
concentration it is possible to cover a range of static and dynamic macroscopic mechanical moduli 
that replicate those of many biological tissues. We show that for low polymer concentrations, the 
Brillouin linewidth, which is a viscosity indicator, is much more sensitive to concentration than 
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frequency shift, thus making a full band shape analysis necessary to assess viscoelasticity in 
biological samples. We further show that the local increase in viscosity of the gelatin–water liquid 
phase is mainly due to a factor-1.9 retardation of the dynamics of water at the interface with gelatin, 
similar to the effect of hydrophobic hydration for a large class of biomimetic molecule mixtures. By 
decreasing the water content, we observe a liquid–glass transition that drives the system towards the 
solid-like behaviour typical of many tissues such as tendon and bone. Therefore covering a broad 
range of microenvironments that are significant for biological applications of Brillouin elastography. 
These results demonstrate that with appropriate peak analysis Brillouin spectroscopy could become a 
probe of the micromechanics of biological tissues with important applications both in fundamental 
research and in clinical diagnosis. 
 
Results and Discussion 
1. High hydration. Brillouin spectra of collagen gels contain only a single, sharp peak (with Stokes 
and anti-Stokes components; see Fig. 1A), indicating that the gels are homogenous on the phonon 
wavelength scale (ca. 0.3 m for 532 nm excitation). With increasing polymer concentration there is 
an increase in both the Brillouin frequency shift 𝜔𝐵 and linewidth 𝛤𝐵 (Fig. 1B), in line with previous 
works.17,18 The values of 𝜔𝐵 and 𝛤𝐵   were derived from fitting the peaks to a damped harmonic 
oscillator (DHO) model [see Supplementary Information Fig. SI-1] (Fig. 1C). Since the ratio of 
density-to-refractive index square was approximately constant in all the investigated systems 
(Lorentz-Lorenz equation) [see Methods and Supplementary Information Fig. SI-2], the changes in 
𝜔𝐵 and 𝛤𝐵  could be attributed unambiguously to an increase in the storage and loss moduli (Fig. 1D). 
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Fig. 1 Dependencies of (A) Brillouin spectra, (B) Stokes peak, (C) frequency shift and linewidth, and (D) 
storage and loss moduli of gelatin gels on polymer concentration. Spectra are normalised to the maximum of the 
Stokes peak (B). Full circles: experimental data; error bars indicate the standard error (square root of number of 
counts). Red line: results of the linearized model (see below). 
 
Changing polymer concentration has the largest effect on the width of the Brillouin peak (89% 
variation; Fig. 1C-D) which reflects variations in the microscopic viscosity of the system. This 
variation is attributed to the restricted mobility of water particularly in the first hydration shell of the 
collagen molecules (see Methods). This mechanism is shown in the schematic diagram of the 
frequency dependence of the storage (𝑀′(𝜔)) and loss (𝑀′′(𝜔)) moduli at different polymer 
concentrations (Fig. 2). In the dilute polymer limit (Fig. 2a), the modulus at Brillouin frequencies 
(shadowed area) is that of a simple liquid, with a “relaxed” storage modulus 𝑀0
′ = 𝜌𝑐0
2 , where 𝑐0 =
𝜔𝐵
𝑞
 is the adiabatic sound velocity, and a loss modulus 𝑀′′ = 𝜔𝐵𝑏, where 𝑏 = 𝜌
𝛤𝐵
𝑞2
 is the longitudinal 
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kinematic viscosity (𝜌: sample’s mass density; 𝑞: exchanged wavevector, 𝑞 = 4𝜋𝑛 𝜆⁄  in 
backscattering geometry; 𝑛: sample’s refractive index; 𝜆: excitation wavelength, 532 nm). 
 
 
Fig. 2 Schematic diagram of the dispersion in longitudinal storage modulus (𝑀′(𝜔), upper curves) and loss 
modulus (𝑀′′(𝜔), lower curves) in the (a) high hydration limit, (b) gel phase and (c) low hydration limit. 
Yellow shaded area denotes the Brillouin region. (See also ref 5.) 
 
Whilst the system remains in a liquid-like state, the structural relaxation responsible for the increase 
in modulus up to the solid-like value 𝑀∞
′ = 𝜌𝑐∞
2  occurs on the picosecond time scale, i.e. at much 
higher frequency than the Brillouin peak, giving rise to a linear relationship between the loss modulus 
and frequency, whose gradient is given by the viscosity b, i.e. 𝑀′′(𝜔) = 𝜌𝜔𝑏. In the case of very 
diluted polymer, the water may be considered as two phases, free water, or “bulk” water, and 
interacting more strongly with the polymer chains, the “hydration” water. In this state, the observed 
increase of 𝛤𝐵 or 𝑀
′′ with increasing polymer concentration (Fig. 1C-D) can be attributed to an 
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increase of b due to two contributions to the relaxation process (dotted lines in Fig. 2a), one from bulk 
and the other (retarded) from hydration water, which increases linearly with polymer concentration. 
Using this model and a hydration number derived from simple geometric arguments (10,071; see 
Methods), we obtain an average retardation of the order of 1.9 (Fig. SI-3) and values of 𝑀′′ that 
match the experimental data (red line in Fig. 1D). This value of the retardation agrees with previously 
reported measurements and theoretical analyses of hydrophobic hydration that are appropriate to the 
structure of the collagen molecule.19 
The evolution in storage modulus at constant temperature (Fig. 1D) shows only a 20% increase 
compared to 89% for the loss modulus. This is to be expected because the water modulus is high (2.2 
GPa) and the addition of polymer produces only a small effect that, based on the rule of mixing, can 
be modelled as a weighted average of solvent and solute moduli (Fig. 3A). A fit to the Voigt model20 
across a broad range of concentrations (from pure water to 70% water content), yields a solute 
modulus of 5.64 GPa which is plausible for a highly hydrated network of collagen molecules. The 
Voigt model was found to fit the data better than the inverse relation (Reuss) used in previous works. 
This result shows that in this system the Brillouin frequency shift is sensitive to the presence of the 
polymer network, and furthermore that the modulus of the network can be determined provided that 
the spectrometer provides adequate resolution. 
Importantly, the Brillouin frequency shift is sufficiently sensitive to the elastic properties of the 
network to reveal the onset of a sol–gel transition which arises from the development of a percolative 
cluster involving a population of mutually linked collagen molecules. We observed this phenomenon 
by investigating two different gelatin concentrations, 10 and 20%, as a function of temperature. The 
sol–gel transition gives rise to a small “step” gradient of the frequency shift (see arrows in Fig. SI-
4A). In contrast, the change in linewidth shows no discontinuity at the gel transition point (Fig. SI-
4B). This is consistent with the fact that even in the gel phase a major fraction of molecules are still in 
the liquid phase and their diffusive motion dominates the picosecond dynamics giving rise to the 
broadening of the Brillouin spectra in both the liquid and gel phase. These motions are arrested at the 
glass transition. The effect of a sol–gel transition on the loss and storage moduli is schematically 
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depicted in Fig. 2b for a polymer concentration high enough (or temperature low enough) to make a 
transition to the gel state. The solid-like portion of the sample, composed of cross-linked collagen 
molecules, is responsible for the relaxation process occurring at very long time scales (hundreds of 
seconds or more), and this gives rise to the divergence of the “static” viscosity and the onset of shear 
(G) and Young’s (E) moduli. The small number of molecules involved in this process is responsible 
for two phenomena: 
1) A state in which the values of G and E are orders of magnitude smaller than the longitudinal 
modulus. Note that the Young’s moduli derived from compressive testing on these hydrogels are of 
the order of kPa (Fig. SI-5), whilst the high-frequency longitudinal moduli are in the GPa range; 
2) A small jump in the value of 𝑀′ (from dashed to solid line in Fig. 2b) revealed by the experiments 
reported in Fig. SI-4A and smooth transition in 𝑀′′ as shown in Fig. SI-4B because the liquid fraction 
of the sample is almost unchanged by the gelation process and is still responsible for the high 
frequency (picosecond) relaxation, which is comparable to that of the diluted solutions (Fig. 2a). 
 
2. Low hydration. As the water fraction in the samples is reduced, the dynamics of the remaining 
water are increasingly closely coupled to those of the collagen molecules until an arrested (glassy) 
phase is attained. It is worth noting that this is the mechanism of hardening of “animal glue”, one of 
the most widely used glues worldwide. Indeed, the name “collagen” derives from the Greek “kolla”, 
glue. The transition from the liquid phase (low elastic modulus) to the solid phase (high elastic 
modulus) is revealed in the frequency dispersion and the associated maximum in linewidth in the 
Brillouin data (Fig. 3B). 
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Fig. 3 Evolution in (A) storage modulus vs. water volume fraction, 𝜀. Linear fit to a Voigt model (Eq. in figure) 
yields the elastic moduli of water and solute: 𝑀𝑤= 2.20 GPa and 𝑀𝑠= 5.64 GPa; R
2=0.994. (B) (Upper curve) 
Brillouin frequency shift and (lower curve) linewidth of gelatin vs. polymer concentration. The error bars 
encompass the range of values obtained by the fits. The red triangles denote the frequency shifts and linewidths 
of the theoretical curves obtained by the viscoelastic fit. 
 
The glass transition in dried collagen was first investigated through a more traditional thermodynamic 
path by Flory and Garret21 and attributed to the temperature-induced arrest of the amorphous fraction 
and of the side chains of collagen molecules. As in analyses of the hardening of epoxy resins,22,23 the 
Mode Coupling Theory (MCT)24 provides a rationale for the early stage of the structural arrest 
associated with the glass transition of collagen (see Methods). 
Fig. 2c qualitatively shows the effect of progressive dehydration as the structural relaxation shifts 
towards lower frequencies. As deduced by Eq3 (see Methods), the condition of maximum linewidth is 
reached when the maximum of 𝑀′′(𝜔) matches the frequency of the Brillouin peak (dotted curve in 
Fig. 2c). Further reduction of hydration (full line in Fig. 2c) gives rise to a reduction of linewidth and 
an increase of Brillouin frequency shift approaching the solid-like (unrelaxed) condition 𝑀∞
′ = 𝜌𝑐∞
2  . 
The full viscoelastic treatment of Brillouin spectra in this regime, the early stage of liquid–glass 
transition, by means of the Mode Coupling Theory is reported in Methods, giving the red triangles in 
Fig. 3B. The signatures of singularity in the non-ergodicity parameter (1 − 𝑐0
2/𝑐∞
2 ) and of divergence 
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of the structural relaxation (see Fig. 4 below), consistent with the predictions of MCT, suggest that the 
ergodicity breakdown described by MCT is a more “universal” mechanism of glass transition than 
ever supposed to be before. 
In summary, Brillouin scattering has revealed: 
- High sensitivity to small changes in elastic modulus in diluted samples (gelation); 
- Large changes in loss modulus in diluted samples due to hydrophobic hydration; 
- Relatively small increase of micro-viscosity up to 30-40% polymer concentration when 
compared to static viscosity, which already diverged due to gelation, suggesting the 
possibility of diffusion of small molecules in already macroscopically solid-like samples; 
- Early stage of microscopic transition from liquid to solid state at ca. 47% polymer 
concentration, well described by the Mode Coupling Theory of glass transition. 
 
Methods 
Hydrogel preparation. Hydrogels were prepared as previously described,25 from ~225 g Bloom type-B bovine 
skin gelatin powder (G9382, Sigma-Aldrich) and distilled water in the concentration range 4–18 % w/w gelatin. 
Gelatin powder and water were mixed under magnetic stirring, while being heated in a water bath at 55–65 °C 
for 60 minutes, to ensure complete dissolution. Gels were left to cool to 40°C and were then transferred to 
storage vessels (see below), sealed to reduce evaporation effects and then left to cool down to room temperature. 
Measurements were conducted approximately 24 hours after preparation, as preliminary testing established that 
this time was sufficient for the gel to stabilise. 
Refractive index and density measurements. The refractive index of all samples prepared was measured using 
an Abbe refractometer (Atago model NAR-1T; resolution 0.0002 nD), with distilled water as a reference. A 
small sample of gelatin was removed from the bulk prior to gelation (at ~40°C) and left to set in between the 
plates of the refractometer, ensuring good contact with both plates. Measurements were taken when the gel 
reached room temperature (Fig. SI-2A). 
Density was determined from a biphasic ideal mixing model: 
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𝜌 =
(𝑚𝑤+𝑚𝑔)
(
𝑚𝑤
𝜌𝑤
+
𝑚𝑔
𝜌𝑔
)
         (1) 
where mw and mg denote the mass of water and dry gelatin respectively, and ρw and ρg the mass densities. 
Densities were taken to be 1.00 g/cm–3 for water, and 1.35 g/cm3 for dry gelatin.26 
It is observed that the change in density-to-square refractive index ratio is less than 1% across the concentration 
range probed here (Fig. SI-2B). 
Compressive testing. After preparation, the gels were transferred into custom-built aluminium moulds. An 
Instron ElectroPuls E10000 (High Widcombe, UK) linear dynamic test instrument was used to perform 
unconfined compressive testing on the hydrogels at a steady rate of 0.03 mm/s. The cylindrical gel sample (21 
mm diameter, ~10 mm high) sat on a flat aluminium base and the applied load was measured by a 1 kN load cell 
(<2% linearity error) mounted onto a flat aluminium plate in contact with the top surface of the gel. Applied 
strain of up to 10% did not cause a significant change in shape of the gels radially. Hence from the uniaxial 
deformation, the gradient of the stress–strain curve was used to calculate the Young’s modulus of the hydrogel 
samples (Fig. SI-5). 
Brillouin spectroscopy. Brillouin spectra of the hydrogels were acquired using a high-contrast tandem Fabry-
Pérot (TFP-2 HC) interferometer system, with 532 nm cw laser and a 20× (NA 0.42) Mitutoyo objective, as 
previously described.27 Spectral resolution was 135 MHz and contrast >150 dB. Laser power at the sample was 
a few mW and acquisition time 17 s per spectrum. 
High hydration. Hydrogels prepared up to the solubility limit (18%) were transferred to glass vials and 
measurements were conducted in triplicate using a backscattering geometry with 180° scattering angle. At two 
concentrations, 10 and 20% gelatin, measurements were also conducted as a function of temperature, from 65 to 
4-5°C (water bath), to encompass the sol–gel transition. 
Low hydration. For hydrogel dehydration, a thin film (200-300 m thickness) was deposited onto a reflective 
silicon substrate and positioned on an analytical scale (Sartorius BL 210 S) to monitor the change in 
concentration. Measurements were conducted according to a previously established protocol,9,10 using an 
achromatic lens (NA 0.033), and the sample was positioned at a 45° angle to the incident beam with a laser 
power of ~35 mW. Both bulk and parallel-to-surface acoustic modes were detected in this geometry [see 
Supplementary Methods in SI and Fig. SI-6]. 
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Brillouin peaks at high hydration were analysed using a damped harmonic oscillator (DHO) function5,28 in the 
range 7–9 GHz. Average fit parameters from Stokes and anti-Stokes peaks were obtained after deconvolution of 
the instrumental response function. Note that these gels present negligible multiple scattering effects;29 indeed 
repeating the fit analysis in the range 8–13 GHz, taking only a small portion of the low-frequency side of the 
peaks, gave <0.1% difference in frequency shift and <1% difference in linewidth compared to the other fit. 
Longitudinal elastic moduli. The storage modulus 𝑀′ was derived from the Brillouin frequency shift 𝜔𝐵 through 
the relation: 
𝑀′ = (
𝜆
4𝜋
)
2 𝜌
𝑛2
𝜔𝐵
2     (2) 
where 
𝜆𝜔𝐵
4𝜋𝑛
= 𝑐 is the acoustic wave velocity, 𝜆 the excitation wavelength (532 nm), 𝜌 and 𝑛 the mass density 
and refractive index of the medium. Eq2 shows that there is a direct relation between the real part of the 
longitudinal modulus and the square Brillouin shift, through the ratio 𝜌 𝑛2⁄ . 
In a similar way, the loss modulus 𝑀′′ can be derived from the Brillouin frequency shift 𝜔𝐵  and linewidth 𝛤𝐵: 
𝑀′′ =  (
𝜆
4𝜋
)
2 𝜌
𝑛2
𝜔𝐵𝛤𝐵      (3) 
Note: Eqs2-3 are valid for backscattering geometry, which is typical of microscopy applications. 
Linearized model at high hydration. In the case of water and diluted aqueous solutions, the frequency of 
Brillouin lines is much smaller than the molecular relaxation rates (Fig. 2a). In this “relaxed” condition, the 
linewidth of Brillouin peaks 𝛤𝐵  yields the “longitudinal” kinematic viscosity 𝑏 of the liquid through the 
relationship 𝑏 = 𝜌𝛤𝐵 𝑞
2⁄ , where 𝑞 is the exchanged wavevector, 𝑞 = 4𝜋𝑛 𝜆⁄  in backscattering geometry. 
The longitudinal kinematic viscosity, in turn, can give information on the characteristic times of molecular 
relaxations. For aqueous solutions, density fluctuations are generally characterized by a two-step relaxation 
associated to hydration and bulk water with characteristic times, 𝜏ℎ and 𝜏𝑏 respectively. The longitudinal 
viscosity can then be written as:19 
𝑏 = ∆𝑐[𝛼𝜏ℎ + (1 − 𝛼)𝜏𝑏] + 𝑏∞     (4) 
where 𝛼 is the fraction of relaxation strength associated to hydration water, 𝑏∞ accounts for contributions to 
viscosity that are very fast (instantaneous) relative to the picosecond time scale investigated by Brillouin 
scattering, and ∆𝑐 is the total relaxation strength of the solution at a given polymer concentration, given by 
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relaxed (𝑐0) and unrelaxed (𝑐∞) sound velocities through the relationship: ∆𝑐= 𝑐∞
2 − 𝑐0
2. Assuming that the 
relaxation strengths of the two processes are proportional to the relative fractions of hydration and bulk water, 
we can express 𝛼 = 𝑓𝑟𝑁ℎ, where 𝑓𝑟 is the fraction of polymer-to-water molecules and 𝑁ℎ is the hydration 
number. Moreover, hydration water molecules are typically found to diffuse more slowly than bulk molecules, 
and the retardation parameter 𝜀 = 𝜏ℎ 𝜏𝑏⁄  is used to quantify this effect. Eq4 can thus be rearranged as: 
∆0
∆𝑐
𝑏−𝑏∞
𝑏0−𝑏∞
− 1 = 𝑁ℎ(𝜀 − 1)𝑓𝑟     (5) 
where 𝑏0 and ∆0 are the kinematic viscosity and relaxation strength of pure water, with 𝑐0 obtained from the 
frequency position of Brillouin peaks and 𝑐∞= 2860 m/s measured by Inelastic X-ray Scattering (IXS)
30 and 
assumed to be independent of polymer concentration;31 𝑏∞= 2.99 10
–3 cm2/s derived from IXS measurements.30 
The prediction of Eq5 for the change of viscosity of the solution as a function of polymer concentration is tested 
in Fig. SI-3. A well-defined linear behaviour of 
∆0
∆𝑐
𝑏−𝑏∞
𝑏0−𝑏∞
− 1 vs. 𝑓𝑟 can be seen across the whole range of 
polymer molecular fraction and the linear fit of the data gives 𝑁ℎ(𝜀 − 1) = 9566 (± 290). We then used a 
combination of this result derived using a linearized model from hydrodynamic theory19 and published data 
from MD simulations32 to derive the retardation factor for this system. The hydration number 𝑁ℎ can be 
estimated by geometrical arguments as the number of water molecules (number density 𝜌 = 33.37 1027 m–3) 
within 3.1 Å of the triple helix surface, by modelling the collagen triple helix as a rod of 0.36 nm radius and 300 
nm length,32 giving 𝑁ℎ = 10k. From this value, a retardation factor 𝜀 = 1.9 can be deduced for hydration water, 
which is in the range previously found for hydrophobic hydration in a large class of biomimetic molecules.19,31 
The close agreement between the prediction of our two-step relaxation model and the measured concentration 
dependence of Brillouin parameters, together with the adequate value obtained for the retardation of hydration 
water, supports the view that water forming the first hydration shell of collagen molecules has a great impact on 
the dynamics of these gelatins, thus affecting the viscosity and loss modulus far more than the elasticity and 
storage modulus. 
Glass transition. The glass transition is a dynamic process that occurs as an abrupt increase of the structural 
relaxation time, leading the system out of equilibrium (ergodic to non-ergodic transition).24 In the frame of 
MCT, the transition is induced by a slowdown of density fluctuations which, in the frequency domain, can be 
described by the complex frequency-dependent longitudinal modulus 𝑀(𝜔) = 𝑀′(𝜔) + 𝑖𝑀′′(𝜔). Close to the 
glass transition, a stretched exponential relaxation of the longitudinal modulus typically occurs, described by the 
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Kohlrausch-Williams-Watts (KWW) law: 𝑒(−𝑡 𝜏⁄ )
𝛽
, where 𝜏 is the characteristic time and 𝛽 < 1 is the stretching 
parameter. In the frequency domain, the Fourier transform of the KWW law can be conveniently described by 
an Havriliak-Negami (HN) relaxation function:33 
𝑀(𝜔)
𝜌
= 𝑐∞
2 −
𝑐∞
2 −𝑐0
2
[1+(𝑖𝜔𝜏)𝑎]𝑏
              (6) 
where 𝑐0 and 𝑐∞ are the relaxed (low frequency 𝜔, or low 𝜏 with respect to the Brillouin frequency, such as in 
the high hydration regime) and unrelaxed (high 𝜔, or high 𝜏, low hydration) sound velocities; 𝑎 and 𝑏 are the 
stretching parameters determined by the value of the KWW 𝛽 parameter.33 The Mode Coupling Theory, in its 
basic formulation, predicts a power law divergence of the relaxation time 𝜏 ∝ (−𝜀)−𝛾 and a square root 
singularity of the amplitude of the structural relaxation (non-ergodicity parameter) 1 − 𝑐0
2/𝑐∞
2 = 𝑓𝑞 = 𝑓𝑞
𝑐 +
ℎ𝑞√𝜀, for the control parameter 𝜀 → 0. Depending on the experimental path, the control parameter can be 
expressed in terms of temperature (thermal vitrification) or density (pressure vitrification) or volume fraction of 
polymer molecules in case of colloidal suspensions.24 Here we define it in terms of volume fraction of collagen 
molecules 𝑥 as: 𝜀 = (𝑥 − 𝑥0)/𝑥0, where 𝑥0 is the “ideal” critical concentration for the structural arrest. 
According to MCT, the values of the parameters regulating the stretching of the relaxation function and the 
power law divergence of the relaxation time depend only on the structure of the sample and are mutually related 
by well-defined analytical expressions.34 Measuring these parameters give a quantitative test of the predictions 
of the theory. 
Brillouin spectra from longitudinal acoustic modes are informative of 𝑀(𝜔) and can be used to test the 
predictions of the MCT, since they give direct access to the spectrum of density fluctuations (fluctuation-
dissipation theorem)35: 
𝐼𝑞(𝜔) =
𝐼0
𝜔
ℑ{[𝑀(𝜔)/𝜌 − 𝜔2/𝑞2]−1}.    (7) 
This equation shows that the maximum of information (maximum intensity) in the Brillouin spectrum is at the 
resonance (Brillouin peak) occurring around 𝜔𝐵 = (𝑞
2𝑀′(𝜔𝐵)/𝜌)
1/2. Unfortunately, the fit of a single 
Brillouin spectrum to this equation is not sufficient to get the whole set of relaxation parameters 𝑐0, 𝑐∞, 𝜏 and 𝛽. 
Different strategies can be implemented to mitigate this problem.28 In the present work, we expanded the 
frequency range by collecting light from two simultaneous scattering geometries [see Supplementary Methods 
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in SI] and we independently estimated the values of 𝑛, 𝑐0 and 𝛽, so that 𝑐∞ and 𝜏 were the only free parameters 
in fitting Brillouin spectra. 
From the fit, the concentration dependence of the relaxation time 𝜏 and of the non-ergodicity parameter 1 −
𝑐0
2/𝑐∞
2  was obtained and reported in Fig. 4 to be compared with the predictions of the MCT. 
 
 
Fig. 4 Plot of the relaxation time 𝜏 and non-ergodicity parameter 𝑓𝑞 = 1 − 𝑐0
2 𝑐∞
2⁄  vs. polymer volume fraction 
𝑥. Deviations of data points (full circles) from ideal behaviour (solid lines) can be explained by secondary 
relaxation processes, which are highly likely in real systems. Dashed line is a guide for the eye; dotted line 
denotes the “ideal” critical concentration for the structural arrest predicted by the Mode Coupling Theory. 
 
Though the system investigated here is by far more complex than the liquids and colloidal suspensions usually 
analysed with MCT, signatures of a critical concentration 𝑥0 located around 40% polymer can be clearly seen in 
Fig. 4. In particular, 𝑓𝑞 shows an inflection close to 𝑥0, with an increase at higher concentrations that mimics the 
square root behaviour predicted by the theory (solid line). Moreover, at lower concentrations, 𝜏 follows the 
power law behaviour predicted by the theory, with an exponent 𝛾 of approximately 4, the value related by MCT 
to the stretching parameter of the structural relaxation 𝛽 = 0.45 [see Supplementary Methods in SI]. The 
deviation from the power law visible in Fig. 4 when approaching the critical point is quite typical for all glass-
forming systems24 and attributed to the presence of additional (secondary) relaxation processes responsible for 
restoring ergodicity above 𝑥𝑐. 
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As a whole, these results are in good agreement with the predictions of the Mode Coupling Theory for the glass 
transition, which was previously verified in simple glass formers through more traditional thermodynamic paths, 
namely with temperature as the control parameter.24 This was previously verified as a function of 
temperature36,37 and pressure,38 upon hardening of epoxy glues23 and astonishingly here, for the first time (to our 
knowledge), in hardening of “kolla” controlled by water concentration. 
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